The femtosecond pump-probe technique is used to study the dynamics of photoexcited carriers and coherent acoustic phonons in bulk CdSe semiconductor. A turning point from fast to slow decay is observed, whose amplitude decreases with pump fluences and eventually flips the sign of differential reflectivity. The maximum change of differential reflectivity shows a saturation at high pump fluences, which is attributed to the optical energy gap dependent on carrier density. Long-lasting coherent oscillations of acoustic phonons have also been detected, and their amplitude and lifetime have a strong dependence on pump fluences. The interaction of femtosecond laser pulses with solid state matters has generated many interesting ultrafast phenomena expanding from femtosecond to picosecond time scales, such as inter/intra-band carrier excitation/ relaxation, electron-phonon coupling, coherent phonon generation/dephasing, and ballistic carrier/heat diffusion. Careful studies of these phenomena will elucidate the fundamental physics of electron/phonon dynamics in the materials, which are not accessible with traditional transport measurements. Femtosecond pump-probe spectroscopy is a powerful technique that has been utilized to investigate ultrafast carrier/phonon dynamics in semi-
The interaction of femtosecond laser pulses with solid state matters has generated many interesting ultrafast phenomena expanding from femtosecond to picosecond time scales, such as inter/intra-band carrier excitation/ relaxation, electron-phonon coupling, coherent phonon generation/dephasing, and ballistic carrier/heat diffusion. Careful studies of these phenomena will elucidate the fundamental physics of electron/phonon dynamics in the materials, which are not accessible with traditional transport measurements. Femtosecond pump-probe spectroscopy is a powerful technique that has been utilized to investigate ultrafast carrier/phonon dynamics in semiconductors [1] , semi-metals [2] , and metal thin films [3] .
CdSe, especially nanocrystalline CdSe, is a semiconducting material with important technological applications. Interesting ultrafast phenomena have been observed in CdSe nanocrystals (NCs), including blinking [4] , multiexciton generation [5] , and phonon bottle effect [6] . Coherent acoustic phonons (CAPs) have also been extensively studied [7, 8] . The most distinct feature of NCs is the discretized electronic band structure, opposed to the continuum in bulk, which is believed to slow down the electronic relaxation due to phonon emission. However, almost all the studies about the ultrafast dynamics in CdSe NCs focused only on the influence of particle sizes of several microns to several nanometers, without any information about the differences of observed phenomena in bulk and in NCs. The few studies of ultrafast dynamics in bulk CdSe have emphases different from interests of nowadays, and the results cannot be directly compared with that in NCs [9] [10] [11] . In this work, we investigated the carrier and phonon dynamics in bulk CdSe, with two-color femtosecond pump-probe experiments. The results can be compared with those in NCs and facilitate the understanding of carrier/phonon dynamics in CdSe NCs.
All the experiments were performed in standard collinear two-color pump-probe (3.10 and 1.55 eV) scheme. Laser pulses with 35-fs FWHM are generated by a mode-locked Ti:sapphire regenerative amplifier (Spectra Physics, Spit fire ACE) with the center wavelength at 1.55 eV, repetition rate of 5 kHz, and maximum pulse energy about 1.2 mJ. A second harmonic generation crystal is used to double the photon energy to 3.10 eV, after which a band-pass filter is used to block the residual laser beam at 1.55 eV. The pump and probe beams are focused onto the sample at normal incidence with diameters of 80 and 20 μm, respectively. The pump beam is modulated by an optical chopper at 500 Hz, which works with a lock-in amplifier to obtain the signal. The sample under investigation is bulk CdSe (5 × 5 × 2 mm) polycrystal with wurtzite structure, and the cleaved surface is perpendicular to the laser incident direction. At room temperature the band gap of CdSe is 1.74 eV [12] . In the two-color scheme, photon energy of pump pulse is 3.10 eV, well above the band gap and is able to excite free electrons and holes at the surface of bulk CdSe crystal. The probe energy is fixed at 0.2 pJ/pulse for all our measurements.
In the two-color pump-probe experiments, the pump pulse firstly excites electrons from valence band to the bottom of conduction band, since the next smallest vertical transition in bulk CdSe is 7.6 eV [13] . Then electrons thermalize quickly to the Fermi-Dirac distribution through electron-electron scattering. Because the temperature of excited electrons is much higher than of the cold lattice, electrons then transfer energy to phonons through electron-phonon coupling. Coherent phonons can also be generated due to the thermal and electronic stress created by pump pulse. The observed reflectivity change −ΔR∕R consists of the effects from all the processes mentioned above, and can be expressed with a convolution of a response function R total with the crosscorrelation function G cross-correlation :
where G cross-correlation is a Gaussian function and usually determined with measurements. R total can be expressed as the summation over three parts: electron R e , lattice R L , and coherent acoustic phonon R CAP :
The electron contribution can be described with a set of decaying exponential functions, representing different electron relaxation mechanisms, vary in specific samples and under different pump-probe conditions. A e;i and τ e;i represent the amplitude and life time of the ith component in electron relaxation processes. R L takes account of the reflectivity change due to the increase of lattice temperature. A L and A ph denote the amplitudes of lattice response and coherent oscillations, Ω stands for the CAP oscillation frequency, β is the chirping coefficient, and φ is the initial phase. The finite time expansion of pump and probe pulses are taken into account via the convolution in Eq. (1) . Figure 1 (a) shows the −ΔR∕R at three pump fluences. The sharp increase of −ΔR∕R around zero time delay comes from the free-carrier absorption of probe photons, because two-photon absorption of bulk CdSe at 800 nm is negligible [14] . At 0.15 mJ∕cm 2 , no coherent oscillations occur and the decay is slow. At higher fluences, coherent oscillations start to appear and become stronger. A fast decay component after electron excitation adds upon the slow decay, with a turning point around 5 ps. As seen in Fig. 1(b) , the normalized −ΔR∕R can be fitted very well with Eqs. (1) and (2) across a broad range of pump fluences, using the lattice response R L and two exponential functions for the electron term R e , representing the fast and slow carrier relaxations, respectively. The response of CAP is not included in the fitting and will be discussed separately later. The fast electronic decay could be attributed to the momentum relaxation and thermalization among excited carriers, which takes shorter time at higher fluences because of stronger carrier-carrier scattering with increasing carrier density. The slow electronic decay could be associated with the carrier-phonon coupling and electron-hole recombination. Lattice responses dominate at much longer time delays, expanding from about 500 ps to nanoseconds, which is common for semiconductors.
One striking feature observed in Fig. 1(b) is the evolution of the turning point with pump fluence. The amplitude of the turning point (−ΔR∕R) continuously decreases with pump fluence, resulting in a change of sign at high pump fluences. The turning point for all the pump fluences happen around 5 ps, comparable to the time of carrier-phonon scattering, at which most energy of excited carriers has been transferred to the lattice. The evolution and change of sign of the turning point might be related to the increase of lattice temperature. At room temperature, E g of bulk CdSe is 1.74 eV, smaller than the pump photon energy but larger than the probe photon energy. Only the pump photons can excite electrons from valence band to the conduction band, and the probe photon can only be absorbed by free carriers, causing the positive value of −ΔR∕R. However, the band gap near sample surface can become narrower due to the transient increase of local lattice temperature at high pump fluences [15] . When E g becomes smaller than 1.55 eV, the sign of −ΔR∕R can flip because of the stimulated emission of photons with the same frequency as the probe. This effect is transient and disappears when heat is conducted out of the excited area.
The turning point around 5 ps has also been observed in CdSe NCs when the probe energy is below the bandgap [8] . When probing with photon energy above band gap, the turning points shift to earlier delay times. However, the reason of this shift is not known.
The peak intensities of −ΔR∕R at different pump fluences are plotted in Fig. 2 as black dots. −ΔR∕R max increases linearly with pump fluence until about 1.17 mJ∕cm 2 , after which the increase rate becomes slower and eventually saturates at high fluences. The peak intensities are usually associated with the maximum electron temperature, T e;max . Because the thermalization of photoexcited electrons occurs much faster than electron-phonon coupling, the hot electrons can be described by a separate temperature much higher than that of phonon. The T e;max in CdSe can be estimated as follows. The energy density absorbed by electrons is αF∕δ s R T e;max T 0 c v dt , where α is the absorptivity (0.6 at 3.10 eV), δ s is the penetration depth of pump (about 50 nm) beam, T 0 is the initial electron temperature (room temperature in our case). The specific heat capacity of the excited electrons c ν is calculated by c ν απ 2 k 2 B T e n e ∕2ε F , where k B is the Boltzmann constant, T e is the electron temperature, and ε F is the Fermi energy. The hot electron density n e is estimated as, n e α∕δ s FS∕νE g , where F is the pump fluence, and S is pump spot size S πd∕2 2 . d 80 μm is the diameter of pump beam. ν represents the repetition rate of laser system, 5 kHz in our case. Here avalanche excitation of electrons is assumed since the photon energy (3.10 eV) is much larger than the band gap. The obtained electron density is then used to evaluate the renormalized Fermi energy due to the excited electrons, ε F ℏ 2 3π 2 n e 2∕3 ∕2 m, where m is the mass of electrons and ħ is the reduced Planck constant. Therefore, ΔT e;max T e;max − T 0 can be estimated as: ΔT e;max 4ε F αF∕π 2 n e δ s
1∕2
∕k B . The estimated ΔT e;max against pump fluences is plotted in Fig. 2 as blue triangles. It can be seen that even though the trend of ΔT e;max agrees relatively well with that of −ΔR∕R max at low fluences, it increases as a power function at higher pump fluences, and no saturation appears. This discrepancy is worthy of further discussion. Because the polycrystalline CdSe sample we use is very thick (>10 cm), and the absorption depth at 400 nm pump is only about 50 nm, the sample is opaque for pump pulse, and the observed trend can also be understood from the aspect of absorption of pump photons. Since the lighthole and heavy-hole levels of the valence band degenerate at the Γ point in CdSe, the electrons from both the light-hole and heavy-hole levels can be excited to conduction band. Optical absorption involves transition from the highest filled level in valence band to the lowest unfilled level in conduction band. The optical band gap E OG is given by the difference between these two levels, rather than simply by E g , the minimum separation between the valence and conduction bands [16] . E OG can be approximated to E g at low pump fluences and small carrier concentrations, but will increase rapidly at higher pump fluences. Saturation of absorption may happen when E OG is larger than the photon energy. This picture qualitatively agrees with our experimental observation. When estimating ΔT e;max , a static optical band gap, E g is assumed, which can cause the discrepancy of its trend with −ΔR∕R max at high pump fluences. The saturation of peak intensity has also been observed in CdTe NCs in a time-resolved second-harmonic generation experiment when the pump pulse energy at 400 nm is above 20 μJ [8] .
The signal of CAP can be separated from the electronic and thermal background with a digital FFT filter. The CAP oscillations can be fitted with a damping harmonic oscillator described as R CAP in Eq. (2) . Both the extracted CAP signal and its fitting are plotted in Fig. 3(a) at pump fluence of 17.49 mJ∕cm 2 . The fitted frequency of CAP oscillation is about 23.6 GHz. The CAPs observed in CdSe are very different from those detected in semi-metal thin films [17] . There are two mechanisms to generate CAPs with ultrafast laser pulses. When the ultrafast pump pulses are absorbed at sample surface, the absorbed photon energy induces rises in the electron and phonon temperatures within a thin layer beneath the surface. A strain wave due to electronic and thermal stresses is generated and propagates into the sample. This strain wave can modify the local dielectric constants and create a discontinuity in reflectance or transmittance. If the probe photon energy is larger than the band-gap of measured material, it will only probe a thin layer beneath the surface. Acoustic echoes can be observed when the strain waves are reflected at some interfaces and travel back to surface region, which is the case for the observed acoustic phonons in thin films [18] .
In bulk materials, where the samples are usually very thick, the reflected strain wave cannot be observed, either because of strong scattering after long travel, or because the time required to observe them is longer than what pump-probe experiment can provide. In our two-color experiments, the probe photon energy (1.55 eV) is well below the band gap of CdSe, and it can penetrate deeply into the sample (absorption depth for polycrystalline CdSe at 1.55 eV is larger than 200 μm [19] . When the probe pulse is incident onto the sample, part of the light is reflected by the top surface. When the transmitted light reaches the CAP wave propagating inside the sample, part of the light will be reflected due to the discontinuity in the dielectric constants. When the reflected light travels back to the surface and gets transmitted into the air, it will interfere with the light initially reflected at the surface, then oscillations will be observed in the reflectivity change. As the CAP wave travels, the top sample surface and the strain wave act as an interferometer. The reflected light will interfere constructively or destructively depending on the position of electronic and thermal stress, leading to the oscillation shown in Fig. 3(a) . The frequency of this oscillation is related to the material properties and probe pulse wavelength, expressed as [20] :
where n is the refractive index, which is 2.5 in bulk CdSe, λ pr is the wavelength of the probe light, and υ s is the longitudinal sound velocity. k pr is the probe-light wave number. The period of the CAP oscillation in Fig. 3(a) Fig. 3(b) . It can be seen that CAPs in bulk CdSe have peak frequencies around 23.6 GHz at all pump fluences, unlike the coherent optical phonons (COP), which have a strong dependence on pump fluences (phonon softening effect) [22] . COPs in opaque materials are generated via displacive excitation of coherent phonons (DECP [2] ). COPs are usually standing waves due to the small group velocity, hence the COP oscillations are strongly influenced by the concentration of photoexcited carriers near the surface, which has a strong dependence on pump fluences. Even though the CAPs are generated by the transient electronic/thermal stresses near the surface, they propagate out of the region of excited carriers very quickly. The absorption depth at 3.10 eV in CdSe is only about 50 nm, and it only takes 13 ps for the CAP to travel through this thickness, much shorter than a single oscillation period. As a result, the effect of pump fluences on CAP frequencies is negligible. The amplitude of CAPs increases linearly at low pump fluences and saturates at high pump fluences, as seen in Fig. 4(a) . This trend is similar to that of −ΔR∕R max shown in Fig. 2 . The transient stress that generates CAPs includes contributions from both electrons and phonons. After the electrons absorb photons, they become much "hotter" than the cold lattice. In semiconductors, hot electrons decay to the bottom of band valleys and emit phonons. If only single-photon absorption happens, each hot electron will emit a phonon with energy E − E g . The contributions of electrons and phonons to the stress can be written as [23] :
where B is bulk modulus, α is the linear thermal expansion coefficient, and C is the specific heat. Even though the CAPs can propagate out of the region of photoexcited carriers quickly, Eq. (4) shows that their initial amplitudes are closely associated with the carrier density, hence increases linearly at low pump fluences. The saturation at high fluencies may be a result of two competing effects: the increasing optical band gap E OG at high carrier densities, and the decreasing band gap E g at elevated lattice temperatures. Similar phenomenon have been reported in CdSe NCs, and the reason was attributed to the saturation of lattice displacement [8] . The lifetime of the oscillations shown in Fig. 3(a) is determined by both the propagating CAP and the probe beam, which can be estimated as [24] :
where ξ pr is the absorption depth of probe beam. Since the photon energy of probe is well below the band gap of CdSe and δ pr is extremely long, it is reasonable to assume τ ∼ τ ph . (ξ pr∕ ν s ≫ 50 ns). The lifetimes of CAPs, plotted in Fig. 4(b) , only decrease slightly with pump fluences, because the photoexcited carriers can only scatter the CAPs for a very short period of time.
As shown in Fig. 4(c) , comparing with coherent optical phonons [2] , chirping coefficients of CAPs are two orders smaller at all the pump fluences. Small chirping coefficient means the deformation of coherent phonons is negligible as they propagate into the sample, which is reasonable because the polycrystalline CdSe sample is isotropic in all directions.
In summary, dynamics of photoexcited carriers and coherent acoustic phonons in polycrystalline CdSe are investigated by use of two-color pump-probe technique based on femtosecond laser at 5 kHz repetition rate. A turning point from fast to slow decay is observed, whose amplitude decreases with pump fluences and eventually flips the sign of differential reflectivity. The maximum change of differential reflectivity shows a saturation at high pump fluences, which is attributed to the optical energy gap dependent on carrier density. Long-lasting coherent oscillations of acoustic phonons have also been detected, and their amplitude and lifetime have a strong dependence on pump fluences. Our results can facilitate the understanding of ultrafast carrier and phonon dynamics in CdSe NCs. 
